ABSTRACT: Posidonia oceanica is an endemic seagrass species in the Mediterranean Sea. Due to its ecological importance, it has been the subject of several genetic studies aimed at increasing general knowledge of the system and helping to define appropriate management strategies. We compared the efficiency of 2 different classes of molecular markers, 'inter simple sequence repeats' (ISSRs) and 'simple sequence repeats' (SSRs) or 'microsatellites', in population genetic analysis of P. oceanica. To do this, we analyzed meadows along the coasts of the Calabria peninsula (Italy, South Tyrrhenian Sea and Ionian Sea), a putative biogeographic barrier for P. oceanica. SSR and ISSR markers detected different levels of genetic variability within P. oceanica populations. Dinucleotide microsatellites were more polymorphic than tri-and heptanucleotide microsatellites and ISSRs. Nevertheless, discriminating power analysis performed for each single locus showed that some trinucleotide microsatellite and ISSR primers were more sensitive than dinucleotides. The use of selected ISSR and SSR markers together allowed the detection of higher polymorphism than either set of marker alone. Tyrrhenian meadows were always more polymorphic than Ionian ones, according to both SSRs and ISSRs. Both markers strongly suggested the Calabria peninsula as an important biogeographic barrier between the Western and the Eastern side of the Mediterranean basin.
INTRODUCTION
Marine flowering plants or seagrasses are distributed worldwide and play an important role in the dynamics and stabilization of the coastline (Procaccini et al. 2003) . Seagrasses reproduce sexually, through hydrophilous pollination, and vegetatively by elongation of subterranean rhizomes bearing new leaf shoots (Den Hartog 1970) . These factors combine to make identification of individuals problematic, requiring the use of high-resolution molecular markers to assign single shoots (ramets) to separate genets (Reusch 2001 , Waycott et al. 2006 .
A number of markers are currently available which can discriminate among ramets in such instances (Procaccini & Maltagliati 2004) . Among these, 'simple sequence repeats' (SSRs; Jarne & Lagoda 1996) or 'microsatellites' have been successful in population genetic studies of benthic organisms in general, due to their high variability and statistical power (Reusch 2001) . SSRs are co-dominantly inherited, allowing the heterozygote in diploid genomes to be distinguished. SSRs are highly reproducible thanks to specific PCR amplifications of short repeated sequences, which produce polymorphic patterns depending on the number of repeated units (Goldstein & Schlotterer 1999) . Their initial cost of development is relatively high but, once the loci are selected, the method becomes fast and readily employed (Jarne & Lagoda 1996 , Goulão & Oliveira 2001 . Limited statistical analysis and poor cross-experimental reproducibility represent some drawbacks of dominant markers, where the homozygous presence of a fragment is not distinguishable from its heterozygote. Among dominant markers, 'inter simple sequence repeats' (ISSR; Zietkiewitcz et al. 1994 ) are more reproducible than 'random amplified polymorphic DNA' (RAPD; Williams et al. 1990 ) and less expensive to use than 'amplified fragment length polymorphism' (AFLP; Vos et al. 1995) . ISSR markers use arbitrary primers represented by short repeated sequences. Allelic polymorphisms occur whenever the repeated sequence is missing or insertions/deletions modify the distance between repeats. ISSRs have the advantage of allowing analysis of multiple loci in a single reaction and to be more accessible to ecological laboratories that lack sophisticated equipment and/or adequate technical expertise. ISSRs have been applied successfully in population genetic studies for a variety of organisms, including clonal plants (King et al. 2002 , Wang et al. 2004 .
Posidonia oceanica (L.) Delile is an endemic Mediterranean seagrass, widely distributed along the Mediterranean coasts where it forms large monospecific beds across a wide bathymetric gradient (Procaccini et al. 2003) . P. oceanica meadows fulfil important ecological functions, stabilising the substratum, attenuating wave action, increasing oxygen in nearshore waters and sheltering juveniles of fishes and invertebrates (Procaccini et al. 2003) . P. oceanica has a monoecious mating system and potentially long-range dispersal by floating fruits and detached vegetative fragments. Sexual reproduction occurs irregularly throughout the whole basin and very large clones, extending over more than 100 m, can be found within the meadows (Migliaccio et al. 2005) . P. oceanica meadows, like other seagrass ecosystems, are extremely sensitive to the moderate to high levels of disturbances often associated with highly human impacted coasts (Procaccini et al. 2003) .
Due to its ecological importance and to the strong human impact along the coast of the Mediterranean basin, Posidonia oceanica has been the object of several genetic studies (Procaccini et al. 2001 , Arnaud-Haond et al. 2005 . These studies aimed to increase general knowledge of the system and to support coastal management and restoration programs. P. oceanica meadows exhibit different levels of genetic variability when investigated with different molecular markers. Initial studies using allozymes (Capiomont et al. 1996) and multilocus DNA markers such as randomly amplified polymorphic DNA (RAPD) and M13-DNA fingerprinting (Procaccini et al. 1996) indicated that meadows were almost completely clonal and highly distinct genetically. More recent studies using more RAPD primers (Jover et al. 2003 , Micheli et al. 2005 ) and tri-and heptanucleotide microsatellites (SSRs; Procaccini et al. 2001 Procaccini et al. , 2002 , contradicted these findings detecting higher levels of variation. This is not surprising for allozymes (i.e. electrophoretically separable morphs of enzymes) if we consider that they cannot take into consideration silent mutations in coding and non-coding regions of DNA and, therefore, they underestimate the real genetic variation. With multilocus DNA fingerprinting techniques, instead, polymorphism can be wiped out from the analysis together with faint or not well represented bands in replicated electrophoretic profiles. Recent and significant advances in population genetics of P. oceanica have been made possible by the selection of highly polymorphic dinucleotide microsatellites (Alberto et al. 2003) . Data obtained with those markers changed the perception of P. oceanica as a species with low genetic variability by detecting, at least in some localities, very high levels of genetic diversity (Arnaud-Haond et al. 2005 , Migliaccio et al. 2005 .
We are aware that advanced and expensive molecular analyses, such as microsatellite genotyping, are not easily performed in an ecological laboratory. The aim of this paper was to evaluate the resolution of ISSR markers with respect to their use for studying genetic diversity and gene flow in Posidonia oceanica in comparison with other molecular markers, especially SSRs. We used SSR and ISSR markers to analyze genetic diversity among populations of Posidonia oceanica along the Calabrian coasts (Italy, South Tyrrhenian Sea and Ionian Sea), a region from which no previous genetic data for P. oceanica meadows exist.
MATERIALS AND METHODS
Plant material and DNA extraction. Individual shoots of Posidonia oceanica (L.) Delile were randomly sampled by SCUBA diving from 5 populations along the coast of Calabria, Italy ( Fig. 1) : 3 in the Tyrrhenian Sea (Praia a Mare, San Nicola Arcella, Belmonte Calabro) and 2 in the Ionian Sea (Crotone, Cariati).
About 25 individual shoots were collected from each meadow. Shoots were collected every 8 to 10 m along linear transects, to minimize the risk of sampling within the same clonal patch. Samples were transferred to the laboratory, cleaned of epiphytes with a razor blade and stored at -80°C for DNA extraction.
DNA was purified according to Doyle & Doyle (1987) and modified as following: ca. 100 mg wet weight of leaf tissue were ground to a fine powder in a mortar using liquid nitrogen and then transferred to a 1.5 Eppendorf tube filled with the extraction buffer (2% CTAB, 2% 2-mercaptoethanol, 1.4 M NaCl, 20 mM EDTA, 200 mM Tris-HCl pH 7.5). After incubation at 60°C for 30 min the homogenate was washed once with 800 µl chloroform-isoamyl alcohol (24:1 v/v) and precipitated with an equal volume of ice-cold isopropanol. The DNA pellet was washed twice, first with 100 µl of Buffer A (76% EtOH, 200 mM sodiumacetate) and then with 100 µl of Buffer B (76% EtOH, 10 mM ammonium-acetate), air-dried and dissolved in 100 µl of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8). RNA was removed by incubating at 37°C for 60 min with RNase A (0.1 µg µl -1 ). Total genomic DNA was quantified using a DyNA QuantTM 200 fluorometer (Hoefer) and working solutions (25 ng µl -1 ) were prepared in sterile water.
ISSR analysis. A total of twelve 3'-anchored primers (MWG-Biotech) were tested for ISSR amplifications in Posidonia oceanica (Table 1) . Eight primers that showed clear and reproducible banding patterns were selected. The 8 primers include 10 di-nucleotide repeats and 2 tri-nucleotide repeats. Amplification reactions were carried out in 25 µl volumes containing 37.5 ng of template DNA, 1 unit of Taq-polymerase (Roche), 0.2 mM dNTPs (Roche), 1.5 pmol µl -1 of primer (MWG-Biotech), 10 mM Tris-HCl (pH 8.3) and 1.5 mM MgCl 2 , 50 mM KCl. PCR reactions were performed under the following conditions: 3 min at 94°C for initial denaturation, 35 cycles of 60 s at 94°C (denaturation), 60 s at 44°C (annealing), and 90 s at 72°C (extension), followed by a final extension of 5 min at 72°C for final extension.
PCR products were separated on 2.5% Agarose 0.5X TBE gels, ethidium-bromide stained and visualized on a UV light box. Photographs were taken of each gel using a Polaroid camera (DS-34). A 100 base-pair ladder was used to estimate the molecular size of bands.
ISSR reactions were repeated at least 3 times and bands that were not consistent in all 3 reactions were discarded. Although a very high number of larger fragments existed, the proximity between bands or their low intensity made scoring very difficult. Highly reproducible bands uniformly comprised 300 to 1500 bp fragments. Bands within the selected size-range were also discarded when they were overlapping or unclear. ISSR bands were scored as absent (0) and present (1), assuming that each band position corresponded to 1 'locus' with 2 'alleles' respectively. The final data sets included both polymorphic and monomorphic fragments.
SSR analysis. Thirteen polymorphic microsatellite regions, 12 nuclear and 1 chloroplastic, were used to obtain individual multilocus genotypes. We refer to the 6 loci previously isolated by Procaccini & Waycott (1998) , with a dominance of trinucleotide repeats, as T-SSR. The 7 loci isolated by Alberto et al. (2003) , with a dominance of dinucleotide repeats, are referred to D-SSR (Table 2) . Reactions were carried out in a total volume of 10 µl following Migliaccio et al. (2005) . PCR amplifications were checked on 1.5% Agarose 1X TAE gels.
SSR allele detection was conducted using an automated sequencer (CEQ 2000XL DNA Analysis system, Beckman Coulter) and electropherograms were analysed using the Beckman CEQ 2000 ver. 3.0 software (Beckman Coulter). 
Data analysis. To compare the efficiency of ISSR, D-SSR and T-SSR markers, we estimated the following parameters as described in Tessier et al. (1999) : (1) number of polymorphic molecular variants (MV are represented by bands for ISSR and alleles for SSR markers); (2) number of banding patterns for each SSR locus/ISSR primer; (3) confusion probability (Cj ) of j th assay unit:
where p i is the frequency of the i th pattern, N the sample size and I the total number of patterns generated by the j th assay unit; (4) discriminating power (Dj ) of the j th assay unit: Dj = 1 -Cj (5) limit of Dj as N tends towards infinity Clonal diversity was calculated in each population (for each marker) as the proportion of distinguishable genets (G/N), where G is the number of genets detected and N is the number of samples (Pleasant & Wendel 1989) . In order to find the best possible marker combination to use for assessing intra-population variability we plotted G/N values obtained by adding sequentially one marker at a time starting with the one having the highest D value. Only SSR markers with the highest 9 D values and ISSR markers with the highest 2 D values were considered. Curves describing the dependence of G/N on number of markers were compared.
In order to evaluate how efficiently the different markers performed in partitioning molecular variance, an AMOVA was carried out using the software GenAlEx 6 (Peakall & Smouse 2006) . Variation was expressed both as the proportion of the total variance and as Φ-statistics, an F-statistic analogue, where Φ rt represents the correlation of individuals from the same geographic region relative to that of individuals from the whole data set, Φ pr represents the correlation between individuals within a population relative to that of individuals from the same geographic region and Φ pt represents the correlation between individuals within a population relative to that of individuals from the whole data set. Estimates of Φ pt values were also obtained to assess gene flow within and between geographic regions. Significance was tested by random permutation, with the number of permutations set to 9999. Alberto et al. (2003) Principal coordinates analysis (PCA) calculated on pairwise genetic distance for both the ISSR and SSR data sets was performed using GenAlEx 6 software (Peakall & Smouse 2006) . Distances were calculated as in Huff et al. (1993) for ISSRs and as in Peakall et al. (1995) for SSR data. Nei's (1978) genetic distance (Nm) was calculated using POPGENE software (Yeh et al. 1997) . Dendrograms based on Nei's (1978) genetic distance and the UPGMA trees were also constructed using POPGENE.
RESULTS
Of the 12 primers tested for ISSR analysis, only 8 were selected for final scoring and only 5 of them were polymorphic. The sizes of alleles for SSR loci were within the expected range based on published data (Procaccini et al. 2001 , Arnaud-Haond et al. 2005 , Migliaccio et al. 2005 .
In order to evaluate relative polymorphism among the different markers classes utilized, we compared data obtained from SSR alleles with those from ISSR bands. The total number of molecular variants (MVs) varies from 75 for ISSR to 21 for T-SSR (Table 2 ). All MVs were polymorphic both for D-SSR and for T-SSR data; however, only 13.3% were polymorphic among the ISSR bands. The value slightly increased (20.4%) when only the polymorphic ISSR primers were considered (Table 2) .
Discriminating power was lower for polymorphic ISSR (mean D = 0.466) than for T-SSRs and D-SSRs, respectively (mean D = 0.484 and 0.625, Table 2 ). Confusion probability values showed the opposite trend, with higher mean values for ISSRs and lower mean values for SSR (Table 2) . With respect to the discriminating power of single ISSR-primers/SSR-loci, the values were not always coherent within the same marker class. For example, T-SSR loci Poc-35 and Poc-45 were the third and fifth most powerful loci, respectively; ISSR10 was 6th; D-SSR loci Po5-39 and Po4-3 were in 14th and 17th position, respectively, across all 18 polymorphic markers (Table 2) .
Tyrrhenian populations were more polymorphic than Ionian ones, both in terms of number of G/N values and of MVs (Table 3 ). The number of polymorphic ISSR bands ranged from 1 in the 2 Ionian populations to 9 in Praia, where a higher number of SSR alleles was also found (Table 3) .
Overall, D-SSR markers detected higher clonal diversity (G/N = 0.50, Fig. 2) it is evident that G/N values reach saturation after 5 loci in the 2 less polymorphic populations (Crotone and Cariati). In the other populations, G/N values increase up to the addition of the last SSR locus and saturate only after the addition of ISSR10 and ISSR2 to the first 9 SSR loci (Fig. 2) .
The different classes of molecular markers also vary in their ability to distinguish populations and quantify gene flow. All marker categories evaluated and all indices calculated showed limited gene flow between the 2 geographic regions as evidenced by the low Nm and high Φ pt values in the last column of Table 4 . Higher distinction was achieved by SSR markers (SSR Φ pt = 0.596; ISSR Φ pt = 0.584; Table 4 ). Very low genetic distance and high gene flow are detected by ISSR markers between the 2 Ionian populations, as showed by the high Nm value and low Φ pt value in the 'Ionian' column of Table 4 , where SSR, instead, show higher resolution. This relationship is also clear in the PCA plots (Fig. 3) . Distinction between Tyrrhenian and Ionian regions is also evident in the Tot-SSR plot (Fig. 3b) , where the 2 Ionian populations (Cariati, Crotone) are clearly differentiated from the others. However, for the Tyrrhenian populations, Praia individuals are partially 75 Table 3 . G/N values and polymorphic Molecular Variants (MV) for populations and population groups. Molecular Variants are represented by bands in ISSR and alleles in SSR. Ty: Tyrrhenian Sea; Io: Ionian Sea; T-SSR and D-SSR, see Table 1 ; Tot-SSR: total number of microsatellite markers; All markers: intermixed with those from San Nicola and Belmonte. Population clusters are less confined in the ISSR plot (Fig. 3a) , where the distinction between the 2 regions is less obvious. In all cases the dendrograms based on Nei's genetic distance showed identical clustering relationships among all populations. The position of the 3 western populations (Praia, Belmonte, San Nicola) within the cluster was identical and consistent with their geographic position. The 2 closest populations (Praia, San Nicola) always clustered together. The relative poorer ability of ISSR markers to separate the 2 Ionian populations (Cariati, Crotone) was indicated by the low extent of genetic distance separating these accessions in the ISSR dendrogram (Fig. 4) .
AMOVA showed a higher percent variance among individuals within populations with all marker classes ( Table 5) . Values of variance among populations within regions were low as determined by ISSR markers (variance = 0.396), due to the Ionian populations. Tot-SSRs showed consistently higher variance between the 2 regions with respect to ISSR markers (Table 5) .
DISCUSSION
The goal of our analysis was to compare the efficiency of 2 different classes of molecular markers (ISSRs and SSRs) in population genetic analyses of Posidonia oceanica, a clonal marine macrophyte. Our results suggest that SSRs are preferential markers to use for assessing meadow clonal diversity. Both ISSRs and SSRs detected limited gene flow between Tyrrhenian and Ionian populations.
In order to perform our analysis, we utilized 2 sets of microsatellite (SSR) primers (Procaccini & Waycott 1998 , Alberto et al. 2003 and 8 ISSR primers. Not all the ISSR markers initially screened were utilized for the final analysis. For 2 of them (ISSR1 & ISSR4) containing (CT) and (GT) repeats, banding patterns were smeared and not easily scorable. Similar patterns could be attributed to high frequency of corresponding microsatellites in the genome (Joshi et al. 2000) , although we obtained good results using primers with 76 the same repeats and different 3'-anchor sites, ISSR2 and ISSR3 respectively. Two other primers, both based on (AT)n repeats (ISSR9 and ISSR12) did not yield any amplification product. It is worth noting that a similar lack of amplification with (AT)-based primers has been observed in other plant species (e.g. Joshi et al. 2000 , Kochieva et al. 2002 . One possibility is that unsuccessful amplifications could be due to self-complementarities of (AT) repeats, which may self-anneal and form dimers and hairpin loops, hindering amplification (Wang et al. 1998 , Cekic et al. 2001 . Arnaud-Haond et al. (2005) compared genetic polymorphism using the same 2 sets of SSR markers utilized here. Their results showed that D-SSR markers were more polymorphic than T-SSRs, allozymes and RAPD markers, in terms of average number of alleles per polymorphic primer/locus. Our data confirm these results, at least with respect to the differences between D-SSRs and T-SSRs, and rank ISSRs close to RAPD markers in terms of the average number of polymorphic bands per primer (Table 2 in this paper; Table 1 in Arnaud-Haond et al. 2005) .
We have demonstrated that the efficacy of different marker classes is not homogeneous in terms of their discriminating power (D) and confusion probability (C ). One consideration when interpreting the results of D is that this value depends not only on the number of patterns generated, but also on their relative frequency (Tessier et al. 1999) . The presence of rare bands/alleles can produce low frequency patterns and result in lower D values. In our study, the best marker combinations for identifying genets would include at least 5 SSR loci in the 2 less polymorphic populations (Crotone and Cariati). Genetic diversity saturate with a combination of 9 SSR loci (Po5-40, Po5, and 2 ISSR primers (ISSR10 and ISSR2) in the other populations. Comparable estimates made by Arnaud-Haond et al. (2005) reached different conclusions, suggesting that a set of 7 dinucleotides was necessary to saturate genetic diversity independently from population polymorphism. Although it is not surprising that a combination of genetic markers would reveal higher levels of genetic variation than a single set of markers, we conclude that selected ISSR and SSR markers together detect higher levels of polymorphism than either complete set of markers alone. This could be due to the nature of the genetic variation detected by each marker category. SSRs, in fact, detect variation at predeterminate sequence sites, whereas ISSRs quickly and effectively scan the whole genome.
A large difference in ISSR diversity exists between Tyrrhenian and Ionian populations, where this class of markers detected only 3 genotypes. The higher variability in the Tyrrhenian populations detected by SSR markers reflects a general trend where western Mediterranean populations have higher clonal diversity with respect to eastern ones (Procaccini et al. 2002) .
The 3 marker sets (ISSRs, T-SSRs and D-SSRs) provide coherent estimates of gene flow, although with different levels of resolution. Tyrrhenian and Ionian populations were always distinct, which indicates an important role of the Calabria peninsula as a biogeographic barrier. AMOVA showed very similar partitioning among individuals within populations, among populations within regions and between regions. Higher variance was always detected within populations, whereas significant genetic structure was detected between populations and regions regardless of the markers considered. This observation contrasts with trends previously suggested, with more polymorphic markers detecting higher levels of differentiation (Peakall et al. 1995 , Maguire et al. 2002 . In our analysis, the ability of different marker categories to disclose patterns of gene flow was independent of their intrinsic polymorphism.
In conclusion, in our comparative study of ISSR and SSR markers for population genetic analysis of Posidonia oceanica, SSR detected higher levels of clonal diversity than ISSR markers. Nevertheless, we showed that the combined use of selected ISSR and SSR markers increases the values of clonal diversity in the most polymorphic populations. Our analysis detected variable lev- Nei's (1978) 
